PHOTOREFRACTIVE RESPONSE-TIME MEASUREMENT IN GAAS CRYSTALS BY PHASE MODULATION IN 2-WAVE MIXING by BIAN, SP & FREJLICH, J
1702 OPTICS LETTERS / Vol. 19, No. 21 / November 1, 1994
Photorefractive response time measurement in GaAs
crystals by phase modulation in two-wave mixing
Shaoping Bian* and Jaime Frejlich
Laborat6rio de 6ptica, Instituto de Fisica, Universidade Estadual de Campinas, 13083-970-Campinas-SP, Brazil
Received February 10, 1994
We describe a new method for photorefractive response time measurement in fast photorefractive crystals
based on continuous phase modulation in two-wave mixing. We report experimental results for undoped semi-
insulating GaAs that are in good agreement with theory. Values obtained for the response time and photoelectron
generation quantum efficiency are consistent with previously published data.
GaAs photorefractive crystals are interesting ma-
terials for integrated-optical devices because laser
sources, light detectors, and photorefractive beam
switches and processors may all be produced from
these crystals.1'2 In spite of the comparatively low
diffraction efficiency (usually less than 1%) of these
crystals, their fast photorefractive response time
at rather low light intensity make them particu-
larly appealing for image processing, especially for
holographic-based techniques. In fact, their fast
response makes them rather insensitive to low-
frequency environmental perturbations (air currents,
thermal drifts, some mechanical vibrations, etc.)
that are deletereous for most holographic setups.
The knowledge of the response time of these mate-
rials is necessary for the optimization of their ap-
plications and is also of relevance because it gives
information on fundamental material parameters.
In this Letter we show that it is possible to use
phase-modulation techniques in two-wave mixing
(2WM) experiments for response time measurement
in fast materials such as GaAs, in which conven-
tional hologram erasure techniques3 are difficult or
require very special equipment. The basic idea in
this method is simple: a small phase modulation in
one of the interfering beams makes the interference
pattern on the crystal vibrate with the modulation
frequency. For a frequency much smaller than the
inverse response time of the crystal, the recorded
hologram vibrates synchronously with the pattern
of light, and no modulation signal is detected along
any of the two-wave-mixed beams behind the crystal.
For a much higher modulation frequency, the holo-
gram becomes comparatively too slow to move while
the pattern does oscillate, and therefore the resul-
tant modulation signal is independent of the crystal
response and dithering frequency. For intermediate
frequency values, the modulation signal behind the
crystal does depend on the crystal response: from
these data the response time may be obtained. In
the 2WM setup depicted in Fig. 1, one of the interfer-
ing beams (S in this case) is phase modulated with
angular frequency fl and phase amplitude f/d with
an electro-optic modulator (EOM). The interference
pattern of light onto the crystal is therefore vibrating
with frequency fl as described by
I(x, t) = j10 + m cos(Kx + 'fd sin (t)], (1)
with IJ = IS.12 + JR. 2, where So and R0 are the com-
plex incident beam amplitudes, m = 21S0 R, /J(S0 12 +
JR. 2) is the pattern of light modulation, and K =
IKI = 2,w/A, with K parallel to coordinate x and A
the spatial period. The time evolution of the space-
charge electric-field modulation amplitude Esc for
a purely diffusion-arising photorefractive hologram
produced by the pattern of light in Eq. (1) follows the
well-known equation4
aEs. + Es. _ im(t)ED
at Tsc Tsc
(2)
where rsc is the exponential hologram response time
and ED = KkBT/q, with kB being the Boltzmann con-
stant, T the absolute temperature, and q the electron
electric charge. From Eq. (1) the time-dependent
term for the light modulation is written in complex
notation as
m(t) = m exp(iq/d sin fit) = m Y Jl(V~d)exp(il~ft).
(3)
Substituting the equation for m(t) above into Eq. (2),
we find the solution for Esc(t):
Es (t) = -imED I _ exp(ilflt). (4)
For a GaAs crystal with its [001] axis perpendicu-
lar to the incidence plane, the [110] axis parallel
to K, and the interfering beams linearly polarized
along the [001] axis direction, the diffracted beams
behind the crystal are linearly polarized along the K
direction, that is, orthogonally polarized to the trans-
mitted beams.5 6 In this case the overall irradiance
along direction S behind the crystal may be written
as 7'8
2
Is=-S0 exp(i~id sin fl t) sin y + R0 A cos 0 CSY
X exp(-ad) (5)
for low diffraction efficiency [7 = sin 2 (irnld/A cos 0)
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Fig. 1. Experimental setup for phase-modulation 2WM
experiment. The laser light is linearly polarized perpen-
dicular to the figure's plane. M's, mirrors; BS, beam
splitter; P, polarizer; A, lock-in amplifier tuned to 2fl
frequency; D, detector; FG, function generator producing
a fl-frequency signal that is amplified by a high-voltage
source (HV) to produce a dither signal on the EOM; OSC,
oscilloscope.
(Ornid/A cos 0)2], where y represents the angle be-
tween the transmitting polarizer direction behind the
crystal and K in Fig. 1, d is the crystal thickness
along the beam propagation, A is the laser wave-
length, 0 is the incident angle inside the crystal,
n, = -no3rEsc/2 is the index-of-refraction modulation
amplitude, and a is the bulk intensity absorption co-
efficient. From Eq. (4), n, can be written as
ni = 2 n3rmED E 1 + _ exp(ilflt), (6)
where no is the bulk index of refraction and r is the ef-
fective electro-optic coefficient. Replacing the modu-
lated beam in relation (5) by its Bessel development
S. exp(ihld sin fit) = So j Jn(i/d)exp(inflt) (7)
n=-x
and inserting Eq. (6) into relation (5), we get the re-
sultant expression
Is = C + 2A cos ( mEDSOR sin(2y)
X X, Jn(qd ) Jl(d )
n,l= -x
lIi-sc sin[(n - 1)fQt] - cos[(n - 1)flt]
x 1 + (fIr75 c)
2
X exp(-ad), (8)
where C is a constant. It is easy to show that Eq. (8)
includes only even-harmonic terms in Ql, a fact that
is due to the pure diffusion-arising nature of the pho-
torefractive hologram. 9 The zero value for all odd
harmonics (which are proportional to the first holo-
gram phase derivative for a sinusoidal-type function)
is related to the fact that in these conditions beam
energy exchange is maximum, so that the intensities
of both beams behind the crystal are extrema values
(one is at a maximum, and the other is at a mini-
mum) as a function of hologram phase shift. For
i/d << 1, Eq. (8) may be limited to the second-order
Bessel function, in which case we should also replace
the Bessel functions with the approximate expres-
sions J0 (i/d) = 1, Ji(id) i/Id!2 , and J2(Td) /d2/8.
In this case the final expression for the second har-
monic in fl is obtained, where its amplitude I,,` is
ISa- 7rn0
3rdmEDS0 R 0id 2 sin(2y)
4A cos 0
x (fl7(SC)2
{[1 + (l7-SC)2][J + (2f1,r.)2]}1/2
X exp(-ad). (9)
Equation (9) describes the temporal frequency re-
sponse of the crystal as measured from its second
harmonic in fQ, and from this relation the response
time is computed.
Figure 1 shows the experimental setup, in which
a homemade EOM is used for modulating beam S.
with a phase amplitude i/d = 0.43 rad. We stud-
ied an undoped semi-insulating GaAs crystal with a
10 mm X 18 mm input face and a 1.25-mm side along
the beam's propagation direction and a = 1.4 cm-1 .
The [0011 axis is perpendicular to the incidence plane,
and the [110] axis is parallel to K, as mentioned
above. The light source is a TEMoo linearly polar-
ized diode-pumped Nd:YAG laser (A = 1.06 um) for
which IR, 2 ; IS1I2. The second-harmonic ampli-
tude Is2j is measured from detector D with a lock-in
amplifier tuned to 2M. Is2j is measured for dif-
ferent values of the dither frequency f = Q/2r
and normalized by the detection-system frequency
response. The detection-system response is inde-
pendently measured without the crystal and us-
ing only the beam through the EOM: the beam
polarization direction is slightly rotated at the
EOM input to produce an amplitude modulation
behind the polarizer in the setup, and this signal
is measured with the lock-in amplifier for different
modulation frequencies. The normalized Is2" sig-
nal is plotted in Fig. 2 for K = 2.1 Am` (circles)
and for K = 3.5 Am-1 (squares), with y = 100. Ex-
perimental data are shown to fit well the corre-
sponding theoretical expression (solid curves) from
Eq. (9). From curve fitting the hologram response
time 7-sc is obtained and displayed in Table 1 for both
K = 2.1 /-m-' and K = 3.5 Am-'. For the case of
K2LD2 ,, 1, the expression for the hologram response
time in semi-insulating GaAs may be approximated
as'0
7s, K 2 esokBThvd/(q 2 (DI), (10)
where E is the static dielectric constant, so is the elec-
tric permittivity of vacuum, I is the effectively ab-
sorbed irradiance," and 1D is the quantum efficiency
for photoelectron generation. The value for the ex-
pression rscI/K2 in Table 1 is verified to be constant
(rscI/K2 42 J x 10-16) within experimental uncer-
tainties, in agreement with relation (10). The val-
ues for rc in Table 1 are also in agreement with
reported data in literature for undoped GaAs: if
relation (10) is used to project data in Ref. 12 to our
experimental conditions (e.g., K = 3.5 um-1 and I, 1
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Fig. 2. Second-harmonic response curves for K = 3.5
,um'1 and I0 252 mW/cm2 (squares) and for K = 2.1
/jm'1 and I, , 177 mW/cm2 (circles), with y = 100 and
m = 1 for both conditions.
Table 1. Experimental Results
K I S01
2 _R.1 2 TSC rsc5 I/K
2
(/um) (mW/cm 2 ) (Ms) @ (J X 10-16)
2.1 88.5 0.10 0.69 41
3.5 126 0.22 0.66 42
252 mW/cm 2), we get rsc 0.12 ms, which is com-
parable with our 0.22-ms value in Table 1. From
the computed value for rc, and substituting e = 12.9
(Ref. 13) and no = 3.48 (Ref. 14) into relation (10), we
also compute the photoelectron generation quantum
efficiency (D = 0.68.
We report a new simple continuous method for
measuring the response time in photorefractive ma-
terials that is particularly suited for fast photore-
fractive materials such as GaAs. The experimental
data from an undoped semi-insulating GaAs crys-
tal sample are in close agreement with theory, the
resulting response time does verify the previously
reported expression for this parameter, and con-
sistent values for photoelectron generation quan-
tum efficiency are also obtained. The modulation
technique described in this Letter is similar to that
reported for photoelectromotive-force measurement
in photoconductors,"5 in which an alternating elec-
tric current arising from a vibrating sinusoidal pat-
tern of light onto the sample is detected. The latter
method, however, focuses on photoconductive proper-
ties, whereas the technique that we are proposing is
concerned with light diffraction properties. The ad-
vantage of the present 2WM optical detection-based
technique stems from the possibility of using spe-
cific optical properties (e.g., anisotropic diffraction
properties of photorefractive gratings in sillenites,
GaAs, and other materials3 "6 and the differences in
beam coupling symmetry for phase and amplitude
gratings8 ,17) for selective detection and measurement
of different kinds of hologram (photorefractive, ab-
sorption, nonphotorefractive phase effects, etc.) that
may be simultaneously present in the sample and
that may be associated with the photorefractive ef-
fect. Amplitude modulation8 is an interesting al-
ternative technique for response time measurement,
but it does not exhibit all the possibilities that phase-
modulation methods do (mainly selective detection of
phase and amplitude effects), and, because of the
required sharp time variation of the projected beam
onto the sample, bulk transient effects may arise that
are not always simple to handle.
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